Recebido em 24/02/2015; aceito em 30/04/2015; publicado na web em 16/06/2015 Albendazole (ABZ) is an anthelmintic drug used for the treatment of infectious diseases in veterinary and human medicine. This drug is a prochiral drug that after administration, is rapidly oxidized in the pharmacologically active sulfoxide metabolite, which is also known as ricobendazole (ABZSOX). ABZSOX has a stereogenic center and possibly two enantiomers, (+)-ABZSOX and (-)-ABZSOX. In the present work, we investigate the pH effect on the asymmetric stereoselective sulfoxidation of ABZ into ABZSOX by employing the fungi Nigrospora sphaerica, Papulaspora immera Hotson, and Mucor rouxii. The results show a possibility of obtaining the pure enantiomers of the ricobendazole drug using fungi as biocatalytic agents. The three fungi showed a high degree of enantioselectivity expressed by enantiomeric excess. In addition, M. rouxii can be used as an alternative to obtain the (+)-ABZSOX enantiomer (ee 89.8%).
INTRODUCTION
The biotransformation of organic compounds by fungi is considered an economically and ecologically viable technology. Moreover, it is a useful tool for the structural modification of bioactive compounds promoting the addition of groups of interest in the molecule in certain positions where it would be difficult by conventional synthesis methods. [1] [2] [3] In addition, some microorganisms can simulate the mammalian cytochrome P450 metabolism of many molecules of pharmacological importance such as drugs and natural products. [4] [5] [6] The use of microbial system as models to mimic the metabolism of drugs in humans has received considerable attention. [1] [2] [3] [4] This tool can be also applied to the production of large quantities of the major and minor metabolites, which is more desirable than isolation of these compounds from treated dosed animals, and with lower cost, greater efficiency and less time than animal tests. So, it avoids the concerns often associated with chemical synthesis, such as the use of toxic reagents and drastic reaction conditions. [2] [3] The synthesis of optically active compounds by using fungal models offers a few advantages compared to chemical synthesis, because it can be highly enantiomeric and regio-selective under mild conditions. Pharmaceutical compounds have often several chiral centers, consequently it is not easy to prepare such compounds through the conventional chemical synthesis. [1] [2] [3] [7] [8] [9] [10] Albendazole (ABZ) is a widely drug used in veterinary and human medicine for the treatment of helmintic infection diseases. This drug is a prochiral drug that after parenteral and oral administration, it is rapidly oxidized in the human liver to the pharmacologically active sulfoxide metabolite which is also known as ricobendazole (ABZSOX) (Figure 1) . 11 In sequential oxidation, this metabolite is converted to the inactive metabolite albendazole sulfone (ABZSO 2 ) and then in albendazole aminesulfone. The anthelmintic activity of albendazole is attributed to its bioactive metabolite ricobendazole. 12 The Cytochrome isoform (CYP3A) and the flavin-containing monooxygenases appear to mediate the metabolism of ABZ to ABZSOX, whereas the biotransformation of ABZSOX to ABZSO 2 is only influenced by CYP. 13 Despite the interest in the activities of the ABZSOX enantiomers, Bolás-Fernández et al. showed that at low concentrations of rac-ABZSOX, (+)-ABZSOX and (-)-ABZSOX, only the (+)-ABZSOX has a significant reduction of the Trichinella spiralis viability in a murine model, that is a well-established procedure to evaluate anthelmintic activity. 14 Our earlier work reported the development of a high-performance liquid chromatographic method using polar organic mode to analyze ABZ, ABZSO 2 and the chiral and active metabolite ABZSOX, ricobendazole, that was applied in stereoselective fungal biotransformation studies. This study was the initial step to use fungi to obtain the active metabolite, ricobendazole. Nigrospora sphaerica (Sacc.) E. W. Mason SS67, Pestalotiopsis foedans VR8, Papulaspora immersa Hotson SS13 and Mucor rouxii NRRL 1894 were able to convert ABZ stereoselectively into its chiral metabolite (+)-ABZSOX. In order to improve the enantiomeric excess (e.e.) on the (+)-ABZSOX formation, the pH influence was investigated. 15 So, the present work shows the influence of pH on the biotransformation of albendazole by using the same microorganisms of earlier work to improve the e.e. of (+)-ABZSOX.
MATERIALS AND METHODS

Chemicals and reagents
ABZ and ABZSOX (analytical standard, purity ≥ 98%) were purchased from Sigma-Aldrich (Steinheim, Germany). The solvents used in hollow fiber liquid-phase microextraction (HF-LPME) procedure and in the biotransformation procedure were: 1-octanol (analytical grade, purity ≥ 99%) purchased from Sigma-Aldrich, Steinheim, Germany and N,N-dimethylformamide (analytical grade, purity ≥ 99%) purchased from Mundial Química (Ribeirão Preto, São Paulo, Brazil). The reagents (analytical grade and purity ≥ 98%) potassium chloride monosodium phosphate 1-hydrated, disodium phosphate 2-hydrated, magnesium sulfate 7-hydrated and iron sulfate 7-hydrated were obtained from Merck (Darmstadt, Germany). Sodium hydroxide (purity ≥ 98%) was purchased from Nuclear (Diadema, São Paulo, Brazil), hydrochloric acid and acetic acid (purity ≥ 99%) were obtained from Zilquímica (Ribeirão Preto, São Paulo, Brazil). Potato dextrose agar, sucrose, malt extract, dextrose, tryptone and yeast extract were obtained from Acumedia with grade for microbiology assays (Lansing, MI, USA). Water used to prepare the solutions was purified using a Milli-Q plus system (Millipore, Bedford, MA, USA). HPLC grade ethanol, methanol, acetonitrile, and acetic acid were purchased from Merck (Darmstadt, Germany) and from J. T. Baker (Philipsburg, NJ, USA), all HPLC grade solvents with purities ≥ 99.9%, while diethylamine (purity ≥ 99.5%) was obtained from Fluka (Buchs, Switzerland).
Fungus isolation and maintenance
The selected strains of endophytic fungi were Papulaspora immersa Hotson SS13 and Nigrospora sphaerica (Sacc.) E. W. Mason SS67 isolated from Smallanthus sonchifolius. The studied fungi were identified as previously described by Gallo et al.. 16 The fungi have been maintained as agar plugs in sterile water, or in glycerol: water ( 
Biotransformation study
Three discs of 0.5 cm of diameter (potato dextrose agar plugs) containing the fungal mycelia were aseptically transferred to 9.0 cm diameter Petri dishes containing PDA medium (potato, dextrose, agar) and allowed to grow for 6 days at 25 °C. Biotransformation was performed using a two-stage fermentation protocol. 17 In the first stage (pre-culture), three 0.5 cm uniform discs were cut with a transfer tube (Fischer Scientific, Pittsburgh, PA, USA) and then inoculated in 50 mL 
Chromatographic conditions
The liquid chromatographic analyses were conducted according to the validated method described by our group using a Shimadzu chromatograph (Kyoto, Japan), equipped with an LC-AT VP solvent pump unit and a SPD-10A VP UV-Vis detector operating at 290 nm. The system control was carried out by SCL-10A. 15 Injections were performed manually through a 20 µL loop with a Rheodyne model 7125 injector (Cotati, CA, USA). The software Shimadzu LC solution, version 1.22 SP1, was used for system control and data acquisition. The resolution of the ABZ and ABZSOX enantiomers was carried out at room temperature (23°C ± 2) on a Chiralpak AS column (250 x 4.6 mm i.d, 10 µm particle size, Chiral Technologies, Exton, PA, USA) using acetonitrile/ethanol (97:3, v/v) plus 0.2% triethylamine and 0.2% acetic acid as the mobile phase at the flow rate of 0.5 mL min −1 . A C18 guard column (4 mm × 12.5 mm, 5 µm particle size, Merck, Darmstadt, Germany) was used to protect the analytical column. Employing this condition, the retention time for ABZ, (-)-ABZSOX and (+)-ABZSOX was 9.7, 14.5, and 16.2 min, respectively.
Standard stock solutions of ABZSOX were prepared at the concentration of 1000 mg mL -1 in methanol. Calibration curve solutions of rac-ABZSOX were prepared at concentrations of 2, 8, 20, 40, 200 and 400 mg mL -1 . All these solutions were stored at -20 °C.
Hollow fiber liquid-phase micro-extraction (HF-LPME) procedure
Pedersen-Bjegaard and Rasmussen 1999 18 devised a new extraction methodology combining the concepts of extraction with membranes. In the HF-LPME, considered an evolution of micro-extraction methods with solvents, a capillary, porous, and hydrophobic membrane (polypropylene) is impregnated with an organic solvent, while the lumen of the membrane is filled with an acceptor phase. The hollow fiber used was an Accurel PP Q3/2 porous polypropylene hollow fiber purchased from Membrana (Wuppertal, Germany). The inner diameter of the fiber was 600 mm, the thickness of the wall was 200 mm, the pore size was 0.2 mm, and with 15 cm of length. To perform the extraction of ABZ and ABZSOX from the liquid culture medium, the procedure developed by Hilário et al. was employed. 15 Briefly, the hollow fibers were immersed in n-octanol and the excess of solvent was removed by ultra-sonication in purified water. After impregnation, 50 µL of 0.1 mol L -1 HCl was injected into the lumen of the hollow fiber and, further, the fiber was immersed in the donor phase (liquid culture medium, pH 7.0). The extraction was carried out for 50 min at 1,500 rpm. After extraction, the acceptor solution was withdrawn from the fiber, transferred to a conical tube and evaporated to dryness. The residues were then dissolved in 50 µL of the LC mobile phase and 20 µL were introduced into the LC system.
RESULTS AND DISCUSSION
Stereoselective fungal biotransformation study
The ABZSOX metabolite is also known as ricobendazole and it is available in the market as a more potent antihelminthic drug than ABZ. Previous studies performed by Prasad et al. showed that the filamentous fungus Cunninghamella blakesleeana transformed albendazole in three metabolites at significant amounts. 12, 19 Two metabolites were predicted to be albendazole sulfoxide and albendazole sulfone, the major mammalian metabolites reported previously. A new N-methylated metabolite of albendazole sulfoxide was also produced, where the methylation took place on the N-atom of the imidazole ring system. Besides, the authors also demonstrated that this biotransformation is temperature, pH, substrate concentration and carbon source dependent. This study did not evaluate the stereoselectivity in the process of ABZSOX enantiomers formation. 12, 19 In a previously work published by our group it was performed a screening using five endophytic fungi strains Glomerella cingulata VA1, Pestalotiopsis foedans VR8, Papulaspora immersa Hotson SS13, Fusarium oxysporum SS50 and Nigrospora sphaerica (Sacc.) E.W. Mason SS67 and a soil fungus Mucor rouxii strain NRRL 1894. Among these six studied strains, three presented more than 15% of enantiomeric excess, including the fungi P. immersa SS13, N. sphaerica SS67, and M. rouxii. Under the previous study, all evaluated fungi were able to biotransform ABZ to ABZSOX. In order to improve the stereoselectivity on the ricobendazole formation we decided to investigate the pH influence on the biotransformation process. 15 Biotransformations are enzyme catalyzed reactions and enzymes are polyelectrolytes containing both positive and negative ionizable amino acid at the surface, which may be protonated or non-protonated depending on the pH of the surrounding medium, leading to different enantioselectivities. 20 It is well know that pH plays a crucial role in enzymatic reactions. The pH variation alters the ionic state of the substrate and enzymes involved in this reaction, thus leading to changes in enzymatic activity and enantioselectivity, resulting in changes in yields and e.e. values. [21] [22] [23] The monitored biotransformation reaction of ABZ to ABZSOX involves a sulfoxidation reaction. The enantioselective oxidations of a prochiral sulfides, like ABZ, is undoubtly the most direct and economical method for the synthesis of enantiomerically pure sulfoxides. For this purpose, the use of biological sulfoxidation approaches has been featured. Both isolated enzymes and whole cells have been applied in the enantioselective oxidation of prochiral sulfides. But, the use of biotransformations, with whole cells, presents great advantages like enzyme isolation and cofactors provision absence. 24 The biotransformation reactions of ABZ using P. immersa SS13, N. sphaerica SS67 and M. rouxii fungi were followed for five days (120 h). The aliquots were collected after 48, 96 and 120 hours and analyzed by HPLC. The amount of (-)-ABZSOX and (+)-ABZSOX was quantified using a calibration curve prepared daily. After extraction and analysis, the ABZSOX enantiomers concentrations were obtained and graphs of chemical yield (Figure 2 ) and e.e. (Figure 3 ) vs incubation time and pH were plotted. Figures 2C and 3C shows the enantiomeric excess profile for the different studied pHs, during 120 hours, for the fungus N. sphaerica SS67. Figures 2C and 3C show that concentrations of the ABZSOX increases with the incubation time, moreover the highest enantiomeric excess was achieved at pH 6, for the metabolite (+)-ABZSOX (ee 64.1%). On the other hand, at pH 7, it was observed a greater formation of the metabolite (-)-ABZSOX with a decrease in enantiomeric excess for the (+)-ABZSOX metabolite. The results suggest that this fungus can be used to obtain the two ABZSOX enantiomers, and the preferential optical configuration can be achieved by controlling the culture medium pH. Figure 2B and 3B shows the results of ABZ biotransformation for the endophytic fungus P. immersa SS13. In this case the ABZSOX enantiomer concentration is also time-dependent. The highest concentrations of ABZSOX enantiomers, employing this microorganism, were observed at 120 hours. Also, it can be seen in Figure 2B and 3B that the highest enantiomeric excess was achieved in 48 hours at pH 6 (ee 78.5%). For all studied pH values the preferably formed enantiomer was (+)-ABZSOX and the highest amount were obtained at pH 3.
In turn, the microbial transformation of ABZ into ABZSOX by M. rouxii can be considered the most promising tool for the ABZSOX formation. Among all evaluated fungi, the biontransformation by the fungus M. rouxii presented high formation, comparable with the fungus N. sphaerica SS67, but with the highest enantiomeric excess for (+)-ABZSOX metabolite, as showed in Figure 2A and 3A. Figures  2A and 3A showed that the maximal ee was observed after 96 hours of incubation at pH 5, 89.8% of ee% of (+)-ABZSOX in comparison to (-)-ABZSOX. Moreover, the highest amount was produced after 120 hours of incubation.
CONCLUSIONS
In conclusion, our results have shown the fungi ability to mimic the action of enzymes in drugs metabolism. The ability of these models to mimic mammalian metabolism, to perform biotransformation reactions, and to produce significant amounts of drug metabolites suggest that this microbial system represents a suitable alternative for drug biotransformation studies. This paper describes for the first time the pH influence in stereoselectivity microbial biotransformation of ABZ into ABZSOX. The three fungi tested showed a high degree of enantioselectivity expressed by the enantiomeric excess. Besides, the fungus M. rouxii can be an excellent alternative to obtain the (+)-ABZSOX enantiomer with higher efficiency after microbial transformation bioprocess.
